Background: It has been hypothesized that predominance of the 2-hydroxylation estrogen metabolism pathway over the 16a-hydroxylation pathway may be inversely associated with breast cancer risk.
Introduction
It is well recognized that higher levels of the endogenous estrogens estrone (E1) and estradiol (E2) are associated with breast cancer risk in postmenopausal women (1) (2) (3) (4) (5) . Estrogens stimulate breast cell proliferation, increasing the likelihood of somatic DNA mutations and carcinogenesis (6) (7) (8) . More recently, there has been increasing interest in the role of various estrogen metabolites that have been hypothesized to affect the risk of breast cancer. Among the most abundant estrogen metabolites, 2-hydroxyestrone (2-OHE1) does not seem to increase cell proliferation (9) (10) (11) and is rapidly eliminated from the circulation (12) (13) (14) . The other major metabolite, 16a-hydroxyestrone (16a-OHE1), binds covalently to the estrogen receptor (ER) and induces cell proliferation (15, 16) . On the basis of these observations, Bradlow and colleagues hypothesized that a metabolism favoring 2-OHE1 over 16a-OHE1, as indexed by the 2-OHE1:16a-OHE1 ratio, may be associated with a reduced risk of breast cancer (17) Consistent with Bradlow's hypothesis, early case-control studies reported lower 2-OHE1:16a-OHE1 ratio levels among breast cancer cases compared with controls, particularly in premenopausal women (18) (19) (20) (21) (22) (23) (24) . However, the interpretation of traditional case-control studies is limited because the presence of cancer may have affected estrogen metabolism among cases.
Several prospective studies of premenopausal (25) (26) (27) (28) and postmenopausal women (25, 26, (29) (30) (31) measuring urine (25, 26, 30) or serum (29, 31 ) levels of estrogen metabolites did not find statistically significant associations between the 2-OHE1:16a-OHE1 ratio and breast cancer risk (32) . In one study, a prospective case-control study nested in the Women's Health Initiative Hormone Trials (WHI-HT), higher levels of 2-OHE1 and the 2-OHE1:16aOHE1 ratio were associated with modestly increased breast cancer risk; higher 16a-OHE1 levels were associated with increased risk only of tumors that were both ER-and progesterone receptor (PR)-positive (33) . However, the three most recent prospective studies in postmenopausal women, nested case-control studies from the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO; ref. 34) , the Columbia Missouri Serum Bank (35) , and the Breast and Bone Follow-up to the Fracture Intervention Trial (B$FIT; ref. 36) reported inverse associations between the 2:16 pathway ratio and breast cancer risk after adjustment for parent estrogens. These three recent studies measured serum concentrations of estrogens and estrogen metabolites using a new liquid chromatography/mass spectrometry (LC/MS) technique (34) (35) (36) Most of the previous studies on the relationship between estrogen metabolites and breast cancer risk, except one report (33) , did not take into account tumor receptor status. The objective of this study was to examine the association between circulating estrogen metabolites (2-OHE1, 16a-OHE1, and their ratio) and risk of invasive breast cancer with additional analyses considering tumor receptor status and circulating levels of parent estrone.
Materials and Methods

Description of cohorts
Descriptions of the New York University Women's Health Study (NYUWHS) and the Northern Sweden Mammary Screening Cohort (NSMSC), have been provided previously (3, 37) . Briefly, the NYUWHS enrolled 14,274 healthy women ages 34 to 65 years at a breast cancer screening center in New York City between 1985 and 1991. The NSMSC enrolled approximately 28,800 women ages 40 to 69 between 1995 and 2006 within a county breast screening program in northern Sweden. Each cohort collected information about medical and reproductive history, family history of cancer, medication use, smoking history, and diet during enrollment and/or follow-up. Blood was collected at enrollment as serum (NYUWHS) or plasma (NSMSC, in tubes containing EDTA) and stored at À80 C. Participants who reported using exogenous hormones within 6 months of enrollment were not eligible for enrollment in the NYUWHS cohort or for case-control selection in the NSMSC. Women were classified as postmenopausal if they reported absence of menstrual cycles in the previous 6 months, a total bilateral oophorectomy, or a hysterectomy without total oophorectomy if their age was 52 years or older.
Case ascertainment and control selection
All incident invasive breast cancer cases diagnosed before July 1, 2003 for the NYUWHS or before January 1, 2007 for the NSMSC, who were postmenopausal at the time of blood donation, were eligible for inclusion in the current study. A total of 400 eligible cases were identified in the NYUWHS and 170 in the NSMSC. Of those, 2 NYUWHS cases were excluded because of insufficient amount of serum, 6 cases (2 in the NYUWHS and 4 in the NSMSC) because estrogen metabolites were not detectable and 63 cases (38 in the NYUWHS and 25 in the NSMSC) because estrone data were not available. As a result, 499 incident cases of breast cancer (358 from the NYUWHS and 141 from the NSMSC) were included in this study.
For each case, one control was selected at random from women who were alive and free of cancer at the time of diagnosis of the case. We used incidence-density sampling to select a control who matched the case on cohort, menopausal status and age at entry (AE6 months), and date of blood donation (AE90 days).
The Institutional Review Board of the New York University School of Medicine and the Regional Ethical Committee of the University of Umea , Sweden reviewed and approved this study annually.
Laboratory analyses
Estrogen metabolites 2-OHE1 and 16a-OHE1 were measured using a monoclonal antibody-based enzyme assay (ESTRAMET 2/16; Immuna Care Inc.). The enzyme immunoassays (EIA) for estrogen metabolites 2-OHE1 and 16a-OHE1 in serum were developed from reagents and buffers previously designed for the measurement of these metabolites in urine (38) (39) (40) (41) . Each case and her matched control were analyzed in the same laboratory batch. Samples within each batch were placed in random order and labeled so that laboratory personnel were blinded to casecontrol status. For serum, the intra-batch coefficients of variation (CV) from masked duplicate samples were 3.9% (2-OHE1) and 3.1% (16a-OHE1); the inter-batch CVs were 8.9% (2-OHE1) and 4.7% (16a-OHE1). For plasma, the intra-batch CVs from masked duplicate samples were 4.8% (2-OHE1) and 5.0% (16a-OHE1); the inter-batch CVs were 6.5% (2-OHE1) and 7.4% (16a-OHE1). Total estrone concentrations were measured as part of a previous study by a radioimmunoassay with a double-antibody system and a hydrolysis step for the separation of unconjugated and conjugated estrone (Diagnostics Systems Laboratories, Inc.) as previously described (42) .
Statistical analysis
Conditional logistic regression analysis was used to assess the association between established risk factors, estrogen metabolites, and the metabolite ratio with breast cancer risk. Because of differences in levels of estrogen metabolites observed in serum versus plasma, odds ratios (OR) were computed for quartiles with cohort-specific cutpoints defined using the frequency distribution in the respective controls. Tests for trend in breast cancer risk across quartiles of estrogen metabolites were carried out using ordered categorical variables.
We conducted analyses adjusting for circulating level of estrone, the parent estrogen. We also present ORs and 95% confidence intervals (CI) from multivariate models that included, in addition to estrone level, the following known breast cancer risk factors: log-transformed body mass index (BMI, kg/m 2 ), height (continuous), age at menarche (continuous), age at menopause (continuous), family history of breast cancer (negative, positive), parity/age at first birth ( 20 years, 21-25, 26-30, >30, or nulliparous), oral contraceptive use (never, ever), hormone replacement therapy (never, ever), and complete bilateral oophorectomy (no, yes). Sensitivity analyses were performed excluding cases diagnosed within 5 years of enrollment (n ¼ 128) to control for potential effects of early undiagnosed disease.
To allow all subjects to remain in the multivariate analyses, multiple imputation using fully conditional specification was performed for the variables with missing data: age at menarche, parity, age at first full-term pregnancy, BMI (all with <3% missing data); age at menopause, oral contraceptive use, and hormone replacement therapy (HRT) use (all with <10% missing data). The analyses including all subjects and imputed data generated results similar to complete-case analyses in which subjects with missing data were excluded.
Subgroup analyses were conducted by breast cancer ER status using log 2 -transformed continuous variables for 2-OHE1, 16a-OHE1, and the 2-OHE1:16a-OHE1 ratio. ER status was available for 324 (65%) of eligible cases. Tests for heterogeneity were conducted to assess consistency of the results in the two cohorts and in the different subgroups. All P values are two sided. Analyses were performed using SAS 9.3 (SAS Institute).
Results
The characteristics of the study participants are provided in Table 1 . The average age at blood sampling was 60 years. Breast cancer cases had higher median weight than controls (67 vs. 64 kg, respectively; P ¼ 0.007), higher median height (163.0 vs. 162.0 cm; P ¼ 0.006), and a higher median BMI (25.5 vs. 24.8 kg/m 2 , respectively; P ¼ 0.06). Cases also had higher levels of circulating estrone compared with controls (median, 28.1 and 26.5 pg/mL, respectively; P < 0.0001). No significant differences were observed for other risk factors (Table 1) . Table 2 reports median levels of 2-OHE1, 16a-OHE1, and their ratio in cases and controls by cohort. We observed higher estrogen metabolite levels in the EDTA plasma samples, as compared with serum samples: among controls, median levels of 2-OHE1 and 16a-OHE1 were 92% and 41% higher in plasma than in serum, and the 2-OHE1:16a-OHE1 ratio was 40% higher. The median levels of 2-OHE1, 16a-OHE1, and their ratio, however, were not significantly different between breast cancer cases and controls in either the NYUWHS or the NSMSC cohort. There was also no evidence of heterogeneity between the NYUWHS and the NSMSC results in conditional logistic regression models (P ¼ 0.70 for 2-OHE1, P ¼ 0.26 for 16a-OHE1 and P ¼ 0.50 for the 2-OHE1:16a-OHE1 ratio). 0.0001). The correlation was positive but weaker for 2-OHE1 and estrone (r s ¼ 0.20; P < 0.0001) and 16a-OHE1 and estrone (r s ¼ 0.18; P < 0.0001).
As expected, circulating estrone was positively associated with risk of breast cancer in the unadjusted model: OR for the highest versus lowest quartile ¼ 2.37 (95% CI, 1.58-3.55; P ¼ 0.0004) and the model adjusted for the potential confounders detailed in Statistical analysis: OR for the highest versus lowest quartile ¼ 2.21 (95% CI, 1.43-3.41; P ¼ 0.003). However, no significant trends in breast cancer risk were observed for increasing quartiles of 2-OHE1, 16a-OHE1, or the 2-OHE1:16a-OHE1 ratio overall or by cohort (Table 4) . Likewise, no associations were observed when cases diagnosed within 5 years of enrollment were excluded (n ¼ 54 in NYUWHS; n ¼ 74 in the NSMSC, data not shown). Adjustment for estrone resulted in substantial changes in ORs compared with unadjusted models, although tests for trend remained nonsignificant (Table 4) .
In analyses stratified by ER status (Table 5) , we observed an inverse association between serum 2-OHE1 level and risk of ERþ breast cancer after adjustment for estrone (OR for a doubling in 2-OHE1, 0.72; 95% CI, 0.52-1.00; P ¼ 0.05) and in the multivariate-adjusted model (OR, 0.67; 95% CI, 0.48-0.94; P ¼ 0.02). There was an increase in ERÀ breast cancer risk with a doubling of levels of 2-OHE1. However, the CIs were very broad, and the P values were not significant for unadjusted or adjusted models (Table 5 ). Tests for heterogeneity of the 2-OHE1 associations with ERþ and ERÀ breast cancers were statistically significant (P ¼ 0.02 for the model adjusted for estrone, and P ¼ 0.03 for the multivariate model). We observed no significant associations for 16a-OHE1, or the 2-OHE1:16a-OHE1 ratio, in unadjusted or adjusted analyses (Table 5) . We also observed no statistically significant associations in analyses of matched sets with missing ER status after adjustment for estrone (Supplementary Table  S1 ).
Discussion
Results of this case-control study nested within two prospective cohorts showed that 2-OHE1, 16a-OHE1, and their ratio were not associated with overall breast cancer risk in postmenopausal women. However, for 2-OHE1, there was evidence of heterogeneity by tumor estrogen status, suggesting that the 2-OHE1 could have different effects on ERþ and ERÀ breast cancers. In analyses stratified by ER status that adjusted for circulating levels of the parent estrogen, estrone, we observed a significantly reduced risk of ERþ breast cancer for a doubling in serum levels of 2-OHE1. There was a suggested increase in risk of ERÀ breast cancer with increased levels of 2-OHE1. However, the results for ERÀ breast cancer were based on only 70 cases, the CIs were wide, and the P values were not significant. Therefore, we cannot exclude the role of chance in the results for the ERÀ subset. Given this possibility and because of the opposite directions of the effects for the ERþ and ERÀ subsets, interpretation of the results of the subset analyses should be cautious. Table 2 . Levels of 2-OHE1, 16a-OHE1, and the 2-OHE1:16a-OHE1 ratio by cohort and case-control status, postmenopausal women, the NYUWHS and the NSMSC cohorts (499 cases, 499 controls) Conditional logistic regression adjusting for log-transformed estrone levels. c Conditional logistic regression adjusting for log-transformed estrone levels, log-transformed BMI, height (continuous), age at menarche (continuous), age at menopause (continuous), family history of breast cancer (negative, positive), age at first birth/parity ( 20, (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , >30 years, or nulliparous), oral contraceptive use (never, ever), HRT use (never, ever), and complete oophorectomy (no, yes). When comparing the result of different studies, it is important to consider the laboratory assays used for measurement of estrogen metabolites. The current study used an EIA method to measure estrogen metabolites, similar to assays used in earlier studies (25) (26) (27) (29) (30) (31) . Several recent studies (28, (34) (35) (36) used the LC/MS method, which is considered more accurate. One study compared the levels of 2-OHE1 and 16a-OHE1 measured by immunoassays and LC/MS (43) , and reported that the two methods were highly correlated in premenopausal women (r s for 2-OHE1 and 16a-OHE1 were 0.8 and 0.9, respectively) but only moderately correlated in postmenopausal women (r s ¼ 0.37 for 2-OHE1, r s ¼ 0.62 for 16a-OHE1, and r s ¼ 0.17 for the 2-OHE1:16a-OHE1 ratio; ref. 43) . These data suggest that future studies should take into account that immunoassays for estrogen metabolites may be less accurate compared with LC/MS, particularly at the low estrogen levels observed in postmenopausal women.
Three recent studies using an LC/MS method (34-36) reported significant inverse associations between the ratio of the 2-hydroxylation to the 16a-hydroxylation pathways, and also the ratio of the 2-hydroxylation pathway to parent estrogens, and breast cancer risk in postmenopausal women (34) (35) (36) . These results are consistent with the hypothesis that more extensive hydroxylation along the 2-pathway may be associated with a reduced risk of postmenopausal breast cancer. These previous studies (34) (35) (36) have not presented the results by tumor receptor status. Our study further suggests that the reduced risk in these women may be limited to ERþ breast cancer.
When comparing estrogen metabolite levels in serum samples (NYUWHS cohort) and EDTA-plasma samples (NSMSC cohort), we observed that estrogen metabolites were higher in EDTA-plasma than in serum samples. One potential explanation of this result is that addition of chelating agents such as EDTA may inhibit the enzymatic reactions and metabolism of estrogen compounds in vitro. Another possibility is that EDTA, a potent metal chelator, inactivates the alkaline phosphatase (44), which is used for conjugation of estrogen metabolites in the ESTRAMET 2/16 EIA. This may result in higher EIA-measured estrogen metabolite levels in EDTA plasma compared with serum and suggests that EDTA-free samples should be preferable for the EIA. Nevertheless, the analyses stratified by cohort (type of sample) showed similar results, suggesting that the type of sample did not affect the conclusions. Furthermore, a previous validation study comparing levels of estrogen metabolites in serum and in EDTA plasma samples collected at the same visit in 17 NSMSC subjects showed that Pearson correlation coefficients were high between serum and EDTA plasma levels (0.96 for 2-OHE1, 0.99 for 16a-OHE1, and 0.81 for the 2-OHE1:16a-OHE1 ratio; ref. 45) .
The strengths of this study include its prospective design with blood samples collected years before the . In addition, we reported previously that estrogen metabolites have relatively high temporal reliability over a 2-year period, with estimated intraclass correlation coefficients of 0.62, 0.95, and 0.69 for 2-OHE1, 16a-OHE1, and the 2-OHE1:16a-OHE1 ratio, respectively (45) . These results indicate that a single measurement is a relatively good measure of an individual woman's average level over several years. Additional strengths of this study include taking into account tumor ER status and adjusting for the levels of parent estrogen. The inverse association between 2-OHE1 and risk of ERþ breast cancer was strengthened after adjusting for estrone, which is positively associated with both ERþ breast cancer risk and levels of 2-OHE1, suggesting negative confounding by estrone. The positive association between 2-OHE1 and risk of ERÀ breast cancer was also stronger after adjusting for estrone levels, although none of the estimates were statistically significant. Among limitations, the sample size for subset analyses, particularly for ERÀ breast cancer, was small and the results of subset analyses by ER status should be tested in future studies.
In summary, the results suggest that the association of estrogen metabolites with breast cancer risk may differ by ER status of the tumor. In this study, metabolism favoring 2-hydroxylation of parent estrogens was associated with reduced risk of ERþ breast cancer in postmenopausal women after adjustment for estrone. Therefore, it will be important to consider level of parent estrogen and tumor receptor status in future studies on the role of estrogen metabolites in breast cancer.
